A major life-history challenge for fairy shrimps (Anostraca) is the unpredictable environment of the ephemeral pool. The duration and predictability of pool inundations affects their life history strategy. The growth and reproduction schedule of a thamnocephalid fairy shrimp, Branchinella (Branchinellites) kugenumaensis, in an unpredictable ephemeral pool in northern Taiwan was monitored from 2004 to 2008. A total of 15 inundation episodes, resulting from typhoons or, occasionally, frontal systems, was recorded over the fiveyear period. Thirteen episodes lasted no more than 2-3 weeks. Two exceptionally long inundation periods were caused by additional rain events before the pool dried out. We recorded the growth patterns, egg spawning time, and clutch size of each fairy shrimp cohort during each inundation episode. No significant differences were observed in either growth or reproductive pattern from hatching to first spawning between short and long inundation episodes. The fairy shrimps stopped increasing in size during the first clutch production. Upon subsequent rainfall before the pool dried, the shrimp stopped reproducing and resumed growth, demonstrating a discontinuously indeterminate growth pattern, before resuming egg production. Body length was positively correlated with clutch size, and this can be expressed as clutch size 5 0.0059 | body length 3.165 . The potential reproductive fitness of this indeterminate growth strategy demonstrates optimal resource allocation between growth and reproduction.
INTRODUCTION
Branchiopod crustaceans such as fairy shrimp typically inhabit ephemeral or vernal pools characterized by periodic drought and inundation. The challenges of these unstable habitats have shaped branchiopod life history strategies. Ephemeral pools, lasting from several days (Hathaway and Simovich, 1996) to several months (Mura, 1991 (Mura, , 1997 (Mura, , 2001 Mura et al., 2003; Maffei et al., 2005) , can be formed by snowmelt in spring (Daborn, 1975; Mura, 2001) , seasonal river flooding (Eder and Hödl, 2002) , artificial irrigation as in rice fields (Grygier et al., 2002) and seasonal heavy rainfall (as in this study). The duration between inundation and drying in temporary pools determines the life histories of inhabiting organisms (Hildrew, 1985; Marcus and Weeks, 1997; Beladjal et al., 2003) , such as fairy shrimps. To achieve optimal reproductive success before habitat drying, fairy shrimps have evolved various strategies including fast growth and maturation rates, coupled with the production of dormant eggs to endure unfavorable periods (Hildrew, 1985; Hamer and Appleton, 1991) .
Fairy shrimp growth and reproduction schedules have adapted to environmental temporal patterns that fluctuate with seasons, years, and short-term weather conditions, leading to varying predictability and stability. Magnitude of environmental stochasticity is a decisive component shaping optimal life history strategies (Mura et al., 2003) . A determinate growth pattern (ceasing growth after maturity) is typically favored in stable environments (Katsukawa et al., 2002) . In contrast, indeterminate growth (continued growth after maturity) may increase fitness when the stochasticity pf the environment and the risk of mortality increase (Engen and Saether, 1994; Katsukawa et al., 2002; Lika and Kooijman, 2003) .
In situations where ephemeral pools are inundated and dry out in more or less regular cycles due to a predictable climate, the periods of pool inundation are usually longer than potential lifespan of the fairy shrimp (Mura et al., 2003) . In a regularly fluctuating environment, a determinate growth pattern appears to be more common, and has been reported in several studies on the life histories of fairy shrimps (Daborn, 1975; Hildrew, 1985; Mura, 2001; Beladjal et al., 2003; Mura et al., 2003) . In contrast, an indeterminate growth pattern would be more favored in environments influenced by highly unpredictable climatic factors, such as typhoons, hurricanes or El Niño/La Niña. We describe indeterminate growth in Branchinella (Branchinellites) kugenumaensis (Ishikawa, 1895) , which was first reported in Taiwan by Lin and Chou (1991) at an unpredictable ephemeral pool in northern Taiwan, based on surveys conducted from 2004 to 2008.
MATERIAL AND METHODS
The Study Site Branchinella (Branchinellites) kugenumaensis has thus far been reported from Taiwan only in Siangtian Pond (STP, 818m a. s. l., N: 25u109260, E: 121u299560), originally a crater of an extinct volcano (Mt. Siangtian) located in Yangmingshan National Park in northern Taiwan (Fig. 1) . JOURNAL OF CRUSTACEAN BIOLOGY, 30(3): 366-372, 2010 Siangtian Pond is dry during the winter and spring months (Fig. 2a) , filling with the summer rains that typically are associated with the typhoon season (Fig. 2b) . During the dry season, Siangtian Pond is primarily covered by common rush (Juncus effuses, Juncaceae). During the inundation season, the depth and area of the pool varies greatly with the unpredictable rainfall. Siangtian Pond usually dries out in less than three weeks without the replenishment of further rainfall primarily due to the porous soil. Occasionally, replenishing rainfall may arrive in time to refill the drying pool and prolong the inundation period to as much as a month. Monitoring occurred over a five-year period (2004) (2005) (2006) (2007) (2008) , through 15 pond inundations.
Field Collection
Whenever Siangtian Pond was inundated, the growth and reproduction schedules of B. kugenumaensis were monitored at daily intervals or every other day for the duration of the pool inundation. Plankton nets (mesh size 5 0.5 mm) were used to collect B. kugenumaensis. Between 30 and 60 live specimens were haphazardly collected during each field survey and measured in the laboratory using a stereomicroscope. Additional notes on sexual maturity and sex ratio were collected. The body length was measured from the apex of the head to the end of the cercopods. We cultured the collected specimen in a 150 L tank which has been built for culturing fieldcollected fairy shrimps. Sexually mature females, i.e., females with eggs, were individually isolated and the number of dormant eggs in each individual clutch was counted. The dormant eggs were individually collected by a 500 mL plastic-porous beaker that partially submerged in the culturing tank. All specimens were then preserved in 70% ethyl alcohol.
Analyitical Methods
When a typhoon or frontal system arrived, we treated the day with the highest precipitation as the day of inundation and the starting point of a cohort cycle. The initial water depth (D 0 , in cm) was never actually measured due to the hazardous weather conditions during the typhoon. Instead, we measured a water depth after the typhoon or frontal system had left, usually 2 to 4 days after the event, and used this depth and the subsequent rate of decrease of water depth to extrapolate D 0 . We defined the period between the day of inundation and the day the first clutch was produced as the time to spawning (ts, in days), while the body length at ts was defined as length at spawning (ls, in mm). The maximum length (lx, in mm) was defined by mean length on the last day of the cohort. Differences of ts, ls, and lx through different inundation episodes, years, and growth patterns were explored using ANOVA. The relationship between clutch size and body length was explored by GLM with log-transformation because of the potential allometric relationship (Blueweiss et al., 1978; Allaine et al., 1987) .
RESULTS
The detailed results are presented in Table 1 . D 0 ranged from 105 cm to 640 cm. Water depth of Siangtian Pond quickly dropped by 31.98 cm per day due to the high porosity of the volcanic soil (Fig. 3) . Without replenishing rainfall, Siangtian Pond usually dried within 2 to 3 weeks. However, in 2004 and again in 2008, an exceptionally long inundation period resulted because of repeated, replenishing rainfall that refilled Siangtian Pond before it dried completely (Fig. 4) . Only 11 inundation episodes out of 15 were sufficient to induce shrimp hatching and maturation. In two episodes (2004P1, P2) no individuals hatched out, and two episodes (2006P1 and 2008P1) had inundation periods too short for individuals to reach sexual maturity (Table 1) . Data from these four episodes were therefore excluded from the analysis.
During the two multi-inundation episodes (2004P3 and 2008P2) , an indeterminate growth pattern was observed ( Fig. 5a ) with multiple growth-reproduction motifs. The ts of 11 cohorts ranged from 9 to 12 days (Table 1 ). In contrast, during single-inundation episodes, the fairy shrimps exhibited a determinate growth pattern (Fig. 5b) . Fairy shrimps grew quickly before reaching sexual maturity. After sexual maturation, growth ceased and the fairy shrimps continuously produced eggs until Siangtian Pond dried out. Conversely, ls showed substantial difference among cohorts, with a range of 11.92 mm (SD 5 0.92 mm) to 23.08 mm (SD 5 1.48 mm), and a significant difference of ls among cohorts (ANOVA F 5 195.4, P , 0.001), but no significant difference between determinate and indeterminate growth patterns (ANOVA F 5 0.75, P 5 0.39) ( Table 2 ). The lx also showed significant difference among different cohorts (ANOVA F 5 403.2, P , 0.001) and between determinate and indeterminate growth patterns (ANOVA F 5 298.1, P , 0.001). ANOVA further showed that the difference between ls and lx was not significant among determinate episodes (F 5 2.6, P 5 0.10) but significant among indeterminate episodes (F 5 489.6, P , 0.001).
Fecundity per clutch during either determinate or indeterminate growth episodes was plotted against body length (Fig. 6 ) and showed a significant allometric relationship. By ANCOVA, the difference of log-transformed fecundity between determinate and indeterminate growth scenarios was not significant (F 5 1.96, P 5 0.168). By GLM, the allometric relationship between clutch size and body length (mm) of B. kugenumaensis can be expressed as: sensitive environments such as Siangtian Pond. Our observations show that not only is the beginning date of inundation hard to predict, but the duration of the wet period also varies considerably. The selective force of this highly unpredictable and unstable local weather determines the timing of fairy shrimp maturation, drives its fecundity rates, and impacts on the long-term egg bank viability in the event of occasional short-term inundations that do not allow cohorts to reach maturity. Most significantly, adapting to the selective pressures of the variable climate patterns has led to the adoption of a flexible growth and reproduction strategy.
ts Represents a Compromise between Short-and Long-term Persistence
To ensure a sustainable egg bank in an unpredictable habitats, ts must be shorter than the inundation period (Hildrew, 1985) . Because the rainfall scale and inundation duration is unpredictable, a shorter ts will result in more viable eggs. Nevertheless, a shorter ts may hinder longterm persistence because it results in a smaller ls due to the shorter growth time allowed, and consequently also results in lower fecundity. Moreover, the viability of dormant eggs usually decreases as years pass (Simovich and Hathaway, 1997; Belk, 1996; Ripley et al., 2004) . When facing substantial environmental fluctuations, a small clutch size at each spawning will result in a smaller egg bank that may endanger the long-term persistence of the population after long unsuitable periods. To maintain a sufficient stock of dormant eggs for future years, a threshold minimum clutch size would evolve to ensure long-term egg bank persistence, even after long unsuitable periods. This threshold implies a critical body length at the first spawning (ls), which defines the shortest ts. Therefore, ts is a result of compromise between long-and short-term persistence, which is shaped by the pattern of frequency and scale of heavy rainfall in a local climate area. Unlike other vernal or ephemeral pools which usually last for several weeks or months, Siangtian Pond can only be filled by heavy rainfall and usually dries out within 2,3 weeks due to the high porosity of the substrate. Only when this pond is replenished by subsequent rainfall before it fully dries can the pool be sustained longer than two weeks, such as the two episodes of 2004P3 and 2008P2. Repeated inundations within two weeks of initial inundation are rare and occur only once every several years (Lin and Chou, 1991; Chou, 2004; Chou et al., 2006 Chou et al., , 2008 Huang and Chou, 2005) . Under the selective pressure of such highly unpredictable situations, a mininum ts for fairy shrimps, but with enough body length to reproduce at the fecundity threshold, should be a critical adaptive strategy to ensure both short-and long-term persistence.
Flexibility of Growth Pattern in Fairy Shrimp
Resource allocation between growth and reproduction to maximize fitness is one of the core discussions in life history strategy (Stearns, 1992; Heino and Kaitala, 1999) . In general, the individual should first put all energy towards growth and then, at a certain age, invest a proportion of energy into reproduction (Engen and Saether, 1994) . In this scenario, determinate growth is adaptive. On the other hand, indeterminate growth is selected by a trade-off between high fecundity and risk avoidance in stochastic environments (Heino and Kaitala, 1999; Katsukawa et al., 2002) . When the mortality increases with reducing environmental predictability and stability, growth changes from determinate to indeterminate in theoretical models (Engen and Saether, 1994; Lika and Kooijman, 2003) .
Some studies of other fairy shrimps (Chirocephalus spp.) in Italy (Mura, 1991 (Mura, , 1997 (Mura, , 2001 Mura et al., 2003) , as well as other spinicaudatans (Kusumi, 1961) show continuous growth after sexual maturity until they reach their maximum length, which implies the advantage of indeterminate growth strategies. However, these indeterminate growth patterns usually happen during very long inundation periods that enable fairy shrimps to live long enough to assure the reproductive success.
Unlike those pools, Siangtian Pond is characterized by quick draining and short inundation periods. The uniqueness of our case is that the duration of inundation is highly unpredictable and the frequency distribution of inundation duration is not continuous but discrete, either as 2-3 weeks with one typhoon rain, or over one month if multiple typhoons arrive in a short time frame. In such a habitat, a discontinuous indeterminate growth pattern can be adaptive and evolved. After initial inundation, without replenishing rainfall, the factors that limit fairy shrimp growth accumulate gradually. As the pool shrinks, the increasing intra-specific competition for food, oxygen, and space caused by increasing population density and increasing body size may overwhelm potential food resource density and retard the growth rate. In common ephemeral pools, pool shrinkage primarily comes from daily evaporation, and usually results in a slow reduction of water depth. However, in Siangtian Pond, the reduction of pool size is so fast that it can lead to rapid accumulation of unfavorable factors and thus restricts fairy shrimp somatic growth.
When replenishing rainfall from the next typhoon arrives before the Siangtian Pond dries, the prompt dilution and rainfall disturbance releases the fairy shrimp from the abovementioned environmental stresses probably through increasing oxygen concentration, nutrient stirring effect, and then food abundance may increase. Under this situation, allocating available nutrition and energy to growth, thus increasing the body size immediately, can gain higher fecundity and fitness, although it may cost the fairy shrimp a longer time to reach fecundity. Alternatively, not increasing body size but continuously allocating energy only to reproduction may produce more eggs in the short term, but will still produce fewer eggs than the previous strategy because the fecundity is restricted by the determinate ls. The mechanisms govern the stopping and re-starting of growth will be a good direction for future studies.
The fairy shrimp, B. kugenumaensis, in Siangtian Pond utilizes an opportunistic strategy to adapt to its unpredictable habitat. Upon inundation begins, the fairy shrimp nauplii hatch and grow rapidly to reach sexual maturity (ts) and begin gamete production. Production of endurable eggs by determinate growth before the ephemeral aquatic environment vanishes, becomes the highest priority to assure population persistence. Occasionally, when the replenishing rainfalls refill and extend the fairy shrimps life span, a second growth stage is triggered resulting in a larger body size and higher fecundity. This life form results in a substantial increase in the egg bank and helps to ensure the long-term persistence of the species. This strategy may help the population to survive through the long stretches of unfavorable years in which few or even no inundations occur. Our observations therefore serve as evidence of an opportunistic adaptive strategy by multi-stage indeterminate growth patterns in this population of B. kugenumaensis. Branchinella kugenumaensis has been known occurring in western Japan, Korea and eastern China (Raj, 1961; Brendonck and Belk, 1997; Yamada, 1999; Grygier et al., 2002) , and usually occurs in rice fields, shallow muddy pools and ditches (Brendonck and Belk, 1997; Yamada, 1999; Grygier et al., 2002) . This may be the first authentic report outside above area as well as the extreme southeastern end of the species' known range, especially in such a unique unpredictable pool of volcanic crater. The discontinuous indeterminate growth described above may result from longterm adaptation evolved to persist in this highly stochastic habitat. Further studies on intra-specific comparing life histories and growth patterns of various populations with different kinds of habitats can illuminate how large branchiopods adapt to their unpredictable environments.
